The cloning of the full-length cDNA encoding meltrin b (ADAM19), one of the metalloprotease-disintegrins expressed in mouse myogenic cells, revealed that the meltrin b gene encodes a membrane protein closely related to meltrin a (ADAM12) which participates in myotube formation in vitro. To delineate the functions of meltrin a and b, we examined the expression patterns of their transcripts during embryogenesis. The meltrin a gene is activated in condensed mesenchymal cells that give rise to skeletal muscle, bones and visceral organs. Meltrin b mRNA, in contrast, is markedly expressed in craniofacial and dorsal root ganglia and ventral horns of the spinal cord, where peripheral neuronal cell lineages differentiate. Heart, skeletal muscle, intestine and lung also express meltrin b mRNA transiently. Although the meltrin a and b transcripts exhibit distinct expression patterns during embryogenesis, both genes are mainly activated in mesenchymal cells that are derived from both mesoderm and ectoderm. © 1998 Elsevier Science Ireland Ltd. All rights reserved Keywords: Meltrin a; Meltrin b; Metalloprotease; Disintegrin; ADAM; ADAM12; ADAM19; Myogenesis; Osteogenesis ; Neurogenesis; Muscle; Bone; Lung; Dorsal root ganglia; Sensory neuron; Motor neuron Hemorrhagic metalloprotease-disintegrins are polypeptides originally isolated as venom proteins from various vipers (Takeya et al., 1990; Paine et al., 1992; Hite et al., 1994; for review, see Niewiarowski et al., 1994). Generally, venom proteins mimic or inhibit important biological functions of other species, by acting on critical points in the cascades of such processes. This is likely to hold true for viper metalloprotease-disintegrins. A large family, composed of proteins containing metalloprotease and disintegrin domains has gradually emerged, through extensive investigations from various aspects recently (for review, see Wolfsberg et al., 1995) . It includes membrane proteins with diverse functions, such as fertilins (Blobel et al., 1992) , cyritestin/tMDC I (Barker et al., 1994; Heinlein et al., 1994) , Kuzbanian (Rooke et al., 1996; Pan and Rubin, 1997) , a TNF-a converting enzyme (TACE) (Black et al., 1997; Moss et al., 1997) and meltrins.
Hemorrhagic metalloprotease-disintegrins are polypeptides originally isolated as venom proteins from various vipers (Takeya et al., 1990; Paine et al., 1992; Hite et al., 1994 ; for review, see Niewiarowski et al., 1994) . Generally, venom proteins mimic or inhibit important biological functions of other species, by acting on critical points in the cascades of such processes. This is likely to hold true for viper metalloprotease-disintegrins. A large family, composed of proteins containing metalloprotease and disintegrin domains has gradually emerged, through extensive investigations from various aspects recently (for review, see Wolfsberg et al., 1995) . It includes membrane proteins with diverse functions, such as fertilins (Blobel et al., 1992) , cyritestin/tMDC I (Barker et al., 1994; Heinlein et al., 1994) , Kuzbanian (Rooke et al., 1996; Pan and Rubin, 1997) , a TNF-a converting enzyme (TACE) (Black et al., 1997; Moss et al., 1997) and meltrins.
We previously reported the identification of three genes encoding novel metalloprotease-disintegrins expressed in mouse muscle cells: meltrin a, meltrin b, and meltrin g/ MDC9. Meltrin a is a multi-domain glycoprotein consisting of metalloprotease and proprotein domains, disintegrin and another cysteine-rich domain, a membrane-spanning region and a proline-rich cytoplasmic region. Expression of antisense transcripts of meltrin a cDNA revealed a role of meltrin a in multinucleated myotube formation in vitro. (Yagami-Hiromasa et al., 1995) . The cloning of the fulllength cDNA encoding meltrin g/MDC9 was reported previously (Weskamp et al., 1996) .
In this paper, we isolated the full-length cDNA encoding meltrin b (Fig. 1 ). C.P. Blobel and his colleagues have also cloned the full-length cDNA encoding meltrin b mRNA recently (Inoue, et al., 1998) . Meltrin b contains metalloprotease and proprotein domains in addition to the disintegrin and cysteine-rich domains. The metalloprotease domain of meltrin b has a zinc-chelating motif that is not conserved in some metalloprotease-disintegrins, including fertilin b. Some metalloprotease-disintegrins encode secreted proteins and others membrane proteins (Wolfsberg et al., 1995) . The latter subfamilies are, in the main, different from one another in their sequences in the cytoplasmic region, of which the roles are unclear at the moment. Meltrin b has a membrane-spanning region which is followed by a proline-rich cytoplasmic region. Based on the overall homology, including the characteristic cytoplasmic region, meltrin b constitutes a subfamily, together with meltrin a, MS2 (Yoshida et al., 1990) , metargidin and ADAM13 (Alfandari et al., 1997) .
To delineate the functions of the meltrin a and b genes, we analyzed the expression patterns of their transcripts during embryogenesis, from 8.0 to 16.5 days post coitus (dpc), critical stages for skeletal muscle development and other organogenesis.
Expression of meltrin a transcripts is characterized by its temporally-and spatially-restricted distribution in the condensed mesenchymal cells which are derived from mesoderm and neural crests during morphogenesis of skeletal muscle, visceral organs and bone. In situ hybridization of transverse sections of a 13.0-dpc embryo at the trunk level. Meltrin a mRNA is found in the ribs, the lung and intestine. Weak expression is seen in the trunk muscle. nt, neural tube; Pc, perichondorium; Lu, lung. Bar, 1 mm. (g) Section in situ hybridization. A parasagittal section of an 11.5-dpc embryo. Prominent expression of meltrin b is found in trigeminal (V), in facioacoustic (VII-VIII) and vagus (X) ganglia (arrows) and in dorsal root ganglia (arrowhead). Tail bud also expresses meltrin b strongly. The signal in the telencephalon is considered to be non-specific because a similar signal was detectable with the sense probe. (e) In a transverse section at the trunk level of an 11.5-dpc embryo, meltrin a is expressed in myotome (m). The most prominent expression of meltrin a is found in the regions of bone formation. There are three lineages that contribute to the skeleton. Neural crest cells generate most of the craniofacial skeleton, while axial and appendicular skeletons are derived from the sclerotome and the lateral plate mesoderm, respectively (for review, see Erlebacher et al., 1995) . Meltrin a transcripts are found in the following lineages: mandibular and hyoid arches, from which cranial osteogenic lineages are derived (Fig. 2a,c) , cranial membranous bones and the perichondrium of the nasal septum and capsule on 13.5-16.5 dpc (data not shown), the perichondrium of the ribs (Fig. 3d) and limbs, and periosteum and bone marrow (Fig. 3h) .
Expression of meltrin a mRNA in the visceral mesoderm is strong but very transient. It is initially found in splanchnic mesodermal cells condensing around the liver and the gut (Figs. 2a,c and 3c) , and then in the mesenchyme condensing around the lung (Fig. 3d) . These transcripts decrease dramatically by 16.5 dpc (data not shown). Expression of meltrin a mRNA in blood vessels (Fig. 2a,c) and in umbilical veins (data not shown) is also temporary.
Although the myogenin gene encoding a muscle-specific transcriptional factor is strongly activated at 8.5-9.5 dpc, the meltrin a gene is not activated in myotomes until myotube formation starts, at 10.5-11.5 dpc (Fig. 3a,e) . Furthermore, myogenin transcripts are found prominently in myotubes at 10.5dpc (Fig. 3b) while those of meltrin a are more abundant in clusters of cells surrounding myotubes. At later stages, expression of meltrin a transcripts in skeletal muscle remains in the tendinous region (Fig. 3h) .
On the other hand, the meltrin b gene is activated in the heart and in the tail bud at 8.0 dpc, and then in the cranial and dorsal root ganglia that give rise to sensory neuronal cells and in the ventral horn that produces motor neurons (Figs. 2b and 3f,g ). The expression is also found in olfactory epithelia that ultimately generate olfactory neurons (data not shown). Meltrin b transcripts in these neuronal cell lineages decrease by 16.5 dpc (data not shown).
Although weak, meltrin b mRNA is also found in skeletal muscle cell lineages. It is initially found in myotomes (Fig.  3f) , in trunk and tongue muscles (data not shown) and in limb muscles (Fig. 3h) on 16 .5 dpc. In contrast to meltrin a transcripts, which are mainly found in clustering cells surrounding myotubes, meltrin b transcripts are found in myotubes in these tissues.
Meltrin b mRNA is also expressed weakly and transiently in the intestine and lung (data not shown) and in bone marrow (Fig. 3i) .
Although expression of meltrin b mRNA partially overlaps with that of meltrin a mRNA in these visceral organs, meltrin b transcripts are weakly expressed and more broadly distributed than those of meltrin a mRNA.
In summary, meltrin a and b transcripts are expressed mainly in mesenchymal cells derived in common from mesoderm and ectoderm. In tissues derived from ectoderm, they show distinct expression patterns: meltrin a and b are highly expressed in osteogenic and neurogenic regions, respectively. In mesoderm-derived tissues, their expression patterns partially overlap, but meltrin b is more broadly distributed than meltrin a.
Materials and methods

Cloning of complementary DNAs encoding meltrin b
An initial cDNA clone encompassing a disintegrin and other cysteine-rich domains of meltrin b was isolated from RT-PCR products of RNA prepared from mouse myogenic cells (Yagami-Hiromasa et al., 1995) . Using the clone as a probe, cDNA clones encoding the full-length meltrin b were isolated, by screening a cDNA library of a mouse myoblast cell line, C2, made in l Zap II (Stratagene, CA). Sequencing was carried out by the dideoxy chain-termination method, using a Taq dye primer cycle sequencing kit (Applied Biosystems/Perkin Elmer, CA). The nucleotide sequences were analyzed with an ABI 373A automated DNA sequencer (Applied Biosystems/Perkin Elmer).
In situ hybridization
Digoxigenin-11-UTP-labeled single stranded RNA probes were prepared from template plasmids using a DIG RNA labeling kit (Boehringer Mannheim GmbH Biochemica, Mannheim, Germany) according to the manufacturer' s instructions. The antisense probe for meltrin a was a combination of 1.3-kilobase fragments, from +93 to +1417 and from +1997 to +3338. The probe for meltrin b consisted of a 1.3-kilobase fragment, from +1 to +1330 and a 1.4-kilobase fragment, from +1870 to +3235. The sense RNA strand was used as a negative control for each probe to determine the conditions of hybridization and to optimize visualization of alkaline phosphatase activity coupled to the antidigoxigenin antibody. The concentration of the probes were approximately 1 mg/ml. Whole mount in situ hybridization was performed, essentially as previously described (Hogan et al., 1994) . Briefly, embryos of mice (ICR strain) mice were fixed with 4% paraformaldehyde/PBS for 1 h, or overnight at 4°C and were dehydrated with a graded series of methanol. After bleaching with 6% H 2 O 2 in methanol, samples were treated with 10 mg/ml proteinase K, postfixed with 1% glutaraldehyde/4% paraformaldehyde in PBS, and hybridized with the sense and antisense probes described above. In situ hybridization to frozen sections was performed as described previously (Osumi et al., 1997) with slight modifications. Briefly, embryos were fixed in 4% paraformaldehyde/PBS, equilibrated in 30% sucrose/PBS, embedded in TISSUE-TEK O.C.T. Compound (Miles, Elkhart, IN), frozen, sectioned in thicknesses of 14 mm, and mounted on glass slides coated with 3-aminopropyltriethoxysilane (Sigma, St. Louis, MO). The sections were refixed, treated with proteinase K, acetylated, and rehy-drated with ethanol, before prehybridization and hybridization.
